Many molecular factors required for mitochondrial division have been identified; however, how they combine to physically trigger division remains unknown. Here, we report that constriction by the division machinery does not ensure mitochondria will divide. Instead, potential division sites accumulate molecular components and can constrict before either dividing, or relaxing back to an unconstricted state. Using time-lapse structured illumination microscopy (SIM), we find that constriction sites with higher local curvatures -reflecting an increased membrane bending energy -are more likely to divide. Furthermore, analyses of mitochondrial motion and shape changes demonstrate that dividing mitochondria are typically under an externally induced membrane tension. This is corroborated by measurements using a newly synthesized fluorescent mitochondrial membrane tension sensor, which reveal that depolymerizing the microtubule network diminishes mitochondrial membrane tension. We find that under reduced tension, the number of constrictions is maintained, but the probability that constrictions will divide is concomitantly reduced. These measurements allow us to establish a physical model, based on in situ estimates of membrane bending energy and tension, which accounts for the observed fates of mitochondrial constriction events.
Introduction
Mitochondria are highly dynamic organelles, transported through the cytoplasm along cytoskeletal networks as they change in size and shape from long filaments to short fragments.
Underlying such morphological changes are altered equilibria between fusion and division [1, 2] .
These transformations have been linked to an adaptive response to cellular energy requirements, forces imposed by the cytoplasmic machinery to regulate division. This is in part because it is challenging to quantify the effects of forces acting upon mitochondria in living cells.
To address these points, in this work we characterize the energies and forces required for mitochondrial division. Using time-lapse super-resolution imaging, we measure dynamic changes in membrane shape down to ~100 nm, in living cells. We observe that the presence of the fission machinery at mitochondrial constriction sites does not ensure division. We reveal that constrictions with higher bending energy are more likely divide, but leave a residual energy barrier to overcome.
We find that constrictions were more likely to result in division when mitochondria were under higher membrane tension. A novel Fluorescence Lifetime Imaging (FLIM) mitochondrial membrane tension sensor demonstrated that mitochondrial membrane tension was reduced following perturbations to the microtubule network, a condition that resulted in fewer divisions and a higher frequency of reversals. Finally, using our in situ measurements, we established a physical model for mitochondrial division, in which elastic energy and membrane tension govern the kinetics and probability of fission.
Results

Constricted mitochondria frequently reverse to an unconstricted state
We performed live-cell SIM imaging of COS-7 cells transiently transfected with a mitochondrial matrix-localized GFP (mito-GFP) and Drp1-mCherry. We observed that highly constricted sites were typically marked by Drp1-mCherry, but while some proceeded to fission (Fig. 1a , Movie S1), others lost enrichment of Drp1 and relaxed to an unconstricted state ('reversal') ( Fig. 1b , Movie S2). For quantification purposes, we defined 'reversals' as instances when a mitochondrion accumulated Drp1 at its constriction site and reached a diameter below 200 nm before relaxing (Fig. 1c, d ). Overall, 66% of constriction sites with Drp1 proceeded to fission (N=112, Fig. 1a , SFig. 1a-d), while the remaining 34% relaxed to an unconstricted state (N=57, Fig. 1b , SFig. 1e-h). Similar "reversible" or "non-productive" Drp1 constrictions were previously reported in yeast [26] and mammalian cells [12] . However, the features that distinguish reversals from fissions were not investigated. 
Presence of the division machinery does not ensure fission
To exclude the possibility that reversals are simply caused by differences in the fission machinery, we first investigated the presence of key molecular players for mitochondrial constriction -ER, Drp1 and Dyn2 (Figures 1 and 2) . First, we examined the colocalization between the ER and mitochondrial constrictions, as such contacts mark pre-constrictions which can become fission sites [9] . We found that both fissions and reversals occurred at ER contact sites (Fig. 2a,   c ). Next, we examined the recruitment of the central molecular player Drp1; by quantifying the integrated intensity of Drp1, we found that its accumulation at constriction sites was similar for fissions and reversals (Fig. 1a, b, d, Fig. 2c ). An accumulation of Drp1 typically coincided with an increased rate of constriction, measured at ~17 nm/s for fissions and 18 nm/s for reversals during the 5 seconds leading up to maximal constriction. Some sites underwent multiple rounds of constriction and relaxation, coupled with Drp1 accumulation and disassembly (Fig. 1d,   arrowheads ). Both fissions and reversals sometimes displayed cyclic dynamics, 3±2 constriction cycles/min and 2±1 cycles/min respectively (N=61 and 38), implying that cyclic activity does not distinguish fissions from reversals. Since Dyn2 has been implicated in mitochondrial fission [22] , we also investigated whether its presence distinguishes fissions from reversals. Since our SIM imaging was limited to two colors, we performed fast (1 Hz), three-color live-cell confocal imaging of mitochondria, Drp1 and Dyn2.
We observed both fissions and reversals, but found that Drp1 and Dyn2 could be present in both classes of constrictions. To determine whether these events satisfied our definition of reversals, we used the higher resolution of SIM to image mitochondria and Dyn2 (Fig. 2b) .
Constriction sites which reversed in the presence of Dyn2 also reached diameters down to ~130 nm. Among mitochondrial division sites, we observed that 30% were enriched in Dyn2 (N=30) (Fig. 2c) , consistent with recent reports that Drp1, but not Dyn2 is necessary for mitochondrial division [23] . Overall, no significant differences in the recruitment of mitochondrial division machinery were observed between fissions and reversals, including ER which defines the preconstriction, nor Drp1 and Dyn2 -the two most downstream components of the division machinery (Fig. 2c) . This led us to hypothesize that both fissions and reversals are distinct outcomes of a shared, but non-deterministic process.
Fission events are characterized by higher bending energy
The different components of the division machinery combine at the constriction site to deform the organelle. While we found no difference in the presence of components of the fission machinery between fissions and reversals, we considered that there could be differences in the resulting deformation of the mitochondrial membrane. The resultant build-up of elastic energy is an important physical precursor to the hemi-fission state that membranes transit before undergoing scission [27] . To investigate this, we quantified the minimal constriction diameters and local envelope curvatures at constriction sites, allowing us to compute the integrated bending energy.
We found that fissions and reversals do not differ in the minimal constriction diameter, since on average, constrictions leading to fission achieved measured diameters of 122 ± 3 nm (mean ± SEM, N = 69) in the frame before fission or maximal constriction respectively (defined as time t=0) (Fig. 3a) , while reversals reached similar minimum diameters of 128 ± 4 nm (N = 43) (Fig.   3a ). These sizes are consistent with the diameter at which Dnm1/Drp1 helix is proposed to assemble, encircling the mitochondrion [20, 28] . We also imaged mitochondria using live stochastic optical reconstruction microscopy (STORM), which offered higher spatial resolution but a reduced, ~6-second temporal resolution. Fission and reversal events measured by STORM had negligible differences in their minimum measured diameters, 90±18 (N=13) and 82±10 nm (N=10) respectively (SFig. 2a-c), marginally smaller than those measured by SIM. Our measurements are consistent with previously reported sizes of mitochondrial constrictions found with photoactivated localization microscopy (PALM) [29] and STORM [30] . Thus, within the resolution of SIM and STORM, we found no significant differences in minimal diameter between fissions and reversals. However, the energetic cost of membrane deformation is a function of the two principal membrane curvatures (Fig. 3b) . We wondered whether fission and reversal sites could differ in membrane bending energy; to test this idea, we measured the, using our custom written analysis software (SFig. 6). The local curvatures exhibited extrema at the constriction site: a maximal tube curvature (1/ * ) -related to the diameter -and a minimal envelope curvature (1/ * ) ( Fig.   3c ).
Indeed when we monitored the time evolution of the curvature extrema we found that distributions of envelope curvatures (1/ ) were initially similar for fissions and reversals ( respectively). This difference in shape implies a difference in bending energy at mitochondrial constriction sites (see SI Methods). A single membrane may be modeled as an elastic sheet, whose bending energy, , is given by the Helfrich equation [31] (Fig. 3e) . To calculate the bending energy, we numerically evaluated
Here, is the membrane bending rigidity and is the sum of local principal curvatures = ( 1 + 1 ) measured for each segment along the mitochondrion and numerically integrated over the surface of the constriction site (Fig. 3e) . (Fig. 3e, SI) . The mitochondrial envelope is composed of two membranes, which are constrained to be in close proximity at the constriction site [32] . Thus, as a first approximation, we considered both membranes as a composite system with a rigidity of 40 kBT, double the value of single lipid bilayers from in vitro measurements [33] .
We followed the temporal evolution of the bending energy at the constriction site (Fig. 3f , g, Movie S3, SFig. 2d-f) and estimated the energy of the constriction site as a whole by summing the local contributions over its area (Fig. 2f) . As seen for the envelope curvatures, the time evolution of the bending energy was similar for fissions and reversals until t ~ -30 seconds, when the distribution shifted to higher values for constrictions resulting in fission (Fig 3f inset, 188±14 versus 127±10 mean±SEM, N=70 and 43 respectively, Appendix A). This result might at first appear obvious, since constrictions resulting in fission must eventually overcome the energy barrier, while reversals do not. However, there is significant overlap between the distributions (Fig.   3f, inset) , and a range of values of constricted state bending energies can result in either outcome (SFig. 2g,h). We wondered whether other contributions to the membrane elastic energy besides bending might contribute, and help to distinguish fissions and reversals.
Fission events are characterized by increased membrane tension
We noticed that after division, daughter mitochondria would recoil from each other, in a directed manner away from the division site (Fig. 4a) , as if they were pulled in opposite directions. This coordinated motion was distinct from typical, sporadic mitochondrial mobility and was consistent with what one would expect when cutting an elastic body under tension (Movie S4, S5). Membrane tension also contributes to the membrane elastic energy at the constriction site [31] and has been previously proposed to play a role in mitochondrial division [34] . Therefore, we next wanted to examine whether fission events occurred on mitochondria under higher membrane tension compared to mitochondria whose constriction sites reverse. In vitro experiments can be used to estimate membrane tension by exerting a pulling force on a membrane and measuring the size of the resulting membrane tubule [35, 36] . Analogously, in living cells, mitochondria can exhibit membrane tubules, which are dynamic, reversible structures spontaneously pulled out by microtubule-based motors [37, 38] (Fig. 4b) . These structures were observed at similar frequencies just before fissions or reversals (19% and 24% for N=101 and 59 respectively). We can infer the membrane tension by assuming it minimizes the elastic energy of cylindrical membrane, in which case the diameter of the tube is related to the membrane tension and the membrane bending rigidity [35, 36] (Fig. 4c , SI):
The average diameters of tubules pulled from mitochondria that subsequently either divided or reversed were 176 ± 4 nm and 229 ± 7 nm respectively (Fig. 4d ). According to equation (2) Fig. 4e ). These results suggest that constricted mitochondria at higher membrane tensions are more likely to subsequently divide.
As further evidence for excess membrane tension, we observed pearling modes on 11% of dividing mitochondria (N=88) (SFig. 9e), also previously reported in neuronal mitochondria [39, 40] . We found that mitochondria exhibiting pearling modes eventually underwent fission of at least one of the constriction sites (100%, N=10). Conversely, reversals of pearling modes were rarely observed (4%, N=57) and occurred exclusively following fission at a neighboring constriction site, suggesting that the loss of tension released during fission could be responsible (SFig. 9e, Movie S4, S5). Overall, these results speak to the role of membrane tension as increasing the likelihood that mitochondrial constrictions divide.
Reduced membrane tension decreases the probability of fission
Next we set out to explore underlying mechanisms for differences in membrane tension between mitochondria. The presence of recoil after division suggests external forces are present and pulling the mitochondria in opposite directions, which could give rise to an increased membrane tension. Mitochondrial transport is mainly mediated through microtubule-based motor proteins [41] , and we hypothesized that the same motors could exert an external pulling force and generate membrane tension. To test this hypothesis, we depolymerized microtubules using nocodazole [42, 43] . Indeed, while cell and organelle morphologies were maintained (Fig. S3 ), we observed a decrease in recoil velocities reflected in a reduction of estimated membrane tensions by 40% (Fig. 5a , N=33 control and 26 nocodazole). To prove that depolymerizing the microtubule cytoskeleton directly results in a decreased membrane tension, we used a mitochondrial targeting variant of the mechanosensitive FliptR probe (Fig. 5b,c , SFig. 3a) [44] [45] [46] . The fluorescence lifetime of FliptR depends on the orientation between its chromophoric groups, which is sensitive to membrane tension. Comparing cells under control versus nocodazole-treated conditions, FliptR showed significantly shorter average fluorescence lifetimes, indicative of an overall reduction in membrane tension (Fig. 5d ).
After establishing that nocodazole treatment reduced mitochondrial membrane tension, we examined its consequences on mitochondrial division. Importantly, the rate of Drp1-induced constrictions per mitochondrial area was unperturbed by nocodazole treatment (~ 0.014
. Furthermore, the degree of overlap between mitochondria and ER remained unchanged (SFig. 3b-f), as did mitochondrial membrane potential and diameter (SFig. 3g,h).
However, we found a 2.4-fold increase in the rate of reversal events (Fig. 5e) , and a concomitant decrease in the rate of fission. These results suggest that Drp1 activity is unchanged by nocodazole treatment, and that decreased membrane tension leads to a reduced likelihood of a constriction site to divide.
Probabilistic model for mitochondrial fission
Our measurements show that fission occurs over a wide range of bending energies, membrane tensions, and timescales. Models developed for other fission processes, such as dynamin-mediated endocytosis, explain the distribution of fission times as an outcome of a stochastic process [47] in which thermal fluctuations allow the membrane to overcome the energy barrier to fission.
Constricted membranes with higher elastic energy, and thus a lower residual energy barrier, will be more likely to undergo fission. Conversely, sites with lower bending energies will be further away from the energy barrier to fission, making it more likely for the fission machinery to disassemble within this timeframe, and lead to reversal. In such a stochastic fluctuation-activated model, the probability ( ) to overcome the energy barrier to fission , given a certain membrane energy ∈ [0, ] is set by:
Since bending increases the energy of the constricted state, it brings constrictions closer to the energy required for fission, implying that constrictions with higher bending energy will be more likely to divide. This idea is supported by the experimentally measured probability of fission, defined as the ratio of the number of fissions to total constrictions with a given energy, which increases with local bending energy and closely matches the relationship given by equation (3) ( Fig. 6a ). Importantly, fitting the experimental probability of fission to equation (3) allowed us to estimate the fluctuation energy and the energy barrier to fission (Fig. 6a) . From the fit to equation (3) we found an energy barrier ~ 250-300 kBT, corresponding to the deformation energy above which we expect deterministic fission and ( )~1 (Fig 6a) . Considering that mitochondria are doublemembraned organelles, this value is consistent with previous simulations for dynamin-mediated scission [47] , as well as theoretical estimates of the energy barrier to a hemifission state, which spontaneously leads to fission [27] . Similarly, considering the time required to undergo fission, we Previous work has shown that membrane tension has the effect of lowering the energy barrier to fission [47] . From another point of view, a membrane under tension can stretch, producing small changes in its surface area [31, 48] , which contribute to its elastic energy. Consequently, stretching energy could contribute to overcome the residual energy barrier, , between the constricted and hemi-fission states. Since the external forces acting on a mitochondrion are fluctuating in time, the membrane tension and therefore elastic energy at the constriction site will also fluctuate.
Considering the values we found for membrane tension (Fig. 4d, SI) , we estimated the stretching energy to contribute ~50 kT, consistent across two independent estimates (SI). This nearly matches the fluctuation energy, estimated above (SI); we thus propose that membrane tension could act as a fluctuating source of energy, enabling constriction sites to overcome the energy barrier to fission. If this is the case, reducing the membrane tension by nocodazole treatment should reduce the values we extract for . Fitting equation (3) to both datasets indeed shows that while the barrier to fission remains mostly unchanged, the size of the energy fluctuations working to overcome the barrier was decreased as predicted, by 6-fold. Examining the measured probability of fission between control and nocodazole treated cells, we found it was shifted towards higher bending energies when membrane tension is decreased (Fig 6b) . This is consistent with our model, since achieving a similar probability of fission would now require more deformation to increase the energy of the constricted state (Fig. 6c, N=33 control and 22 nocodazole) . We also noticed that Drp1 appeared to reside for longer time periods at mitochondrial constriction sites in nocodazoletreated cells. Fission events in nocodazole-treated cells required on average ~12±7 s longer (Fig.   6d , N=33 control and N=22 nocodazole), reflecting decreased fission probability and consistent with a major role for membrane tension in driving the final step of fission.
Discussion
We propose a model based on an energy landscape for the mitochondrial fission reaction, where membrane bending energy and tension determine the probability of overcoming an energy barrier (Fig 7a) . Bending induced by the constriction machinery (Fig. 7b) , increases the energy at the constriction site. Separately, membrane tension -largely accounted for by the microtubule cytoskeleton -determines the range of fluctuation energies available to overcome the energy barrier (Fig. 7b) . Since constrictions cannot be maintained indefinitely, if during their lifetime they do not experience a large enough fluctuation, they will become reversals. As predicted, with a nocodazole-induced decrease in membrane tension, there are fewer fluctuations large enough to overcome the fission barrier, which lowers the probability of fission and results in a larger proportion of reversals. Our physical model is intended to account for how mitochondria integrate the forces exerted by the molecular fission machinery to decide whether and when to divide, in a manner that is independent of the precise origin of the forces. Hence, the model helps explain the observed variability in the mitochondrial division machinery by proposing a more general framework accounting for the energetic cost of mitochondrial deformation. Mitochondrial fission differs from other fission processes such as dynamin mediated endocytosis for which physical models have been developed [47] . Firstly, there are significant differences in the sizes and geometries of tubular mitochondrial constrictions compared to buds involved in dynamin mediated endocytosis, suggesting that different mechanisms might be at play. Indeed, our results suggest that thermal fluctuations are insufficient for driving mitochondrial fission.
Instead, we propose that larger energy fluctuations due to membrane tension are responsible for overcoming the energy barrier to fission. Secondly, mitochondrial division requires the scission of two membranes. To model fission probabilities, we consider the two membranes as coupled together [49] forming a composite elastic sheet with a mean geometry, but a closer look reveals additional insights into the interplay between the two membranes (SFig 5, SI). Because the bending energy of the inner membrane is geometrically constrained to be higher, we expect it to undergo fission first (SI, SFig. 5). Fission of the outer membrane could then follow due to a sudden increase in the local stress, since it must now bear the load previously shared with the inner membrane.
Sequential timing guarantees a non-leaky fission process, which is predicted for mitochondria [50] to avoid inadvertently triggering apoptosis or disruption of membrane potential [51] .
The probabilistic nature of mitochondrial fission and the prevalence of reversals may play a role in regulating global mitochondrial network morphologies. Given the highly crowded intracellular environment, the resulting mechanical forces could recruit the mitochondrial division machinery in an unregulated manner, leading to fragmentation of the network [25] . Our model provides insight into how by modulating tension, the degree of fragmentation might be regulated.
Furthermore, our results could explain how remodeling of the microtubule cytoskeleton during the cell cycle could help to regulate the global mitochondrial morphology and proliferation through changes in mitochondrial membrane tension.
Maintaining the quality and distribution of the mitochondrial population requires regulating the division of individual mitochondria. How individual mitochondria are primed for division could involve adapting their intrinsic properties to locally influence the probability of fission. For example, the accumulation of negatively curved lipids -such as cardiolipin [52] -at the constriction site could generate negative envelope curvature to promote fission. Indeed, a dominant negative Drp1-mutation, which does not interact with cardiolipin, leads to lower fission rates [53] .
Furthermore, increases in Ca2+ leading up to mitochondrial division [12, 40, 54] could change the local mechanical properties at the constriction site [55] , facilitating division. Finally, mitochondrial division has been observed to take place near replicating nucleoids [56] -the presence of which might create 'rigid islands' that increase bending energies at adjacent constriction sites [57] , making them more likely to divide according to our model. Such internal mechanisms could simultaneously control the positioning and fate of mitochondrial constrictions. See SI for details on iSIM imaging, image reconstruction and analysis.
SIM images were reconstructed using a custom 2D linear SIM reconstruction software obtained at Janelia farm, as previously described [58, 59] . Images were reconstructed using a generalized Weiner filter parameter value of 0.02-0.05 with background levels of ~100.
iSIM imaging and reconstruction.
For iSIM experiments, imaging was performed on a custom-built microscope setup as previously described [60, 61] . The microscope was equipped with a 1.49 NA oil immersion objective (APONXOTIRF;
Olympus), with 488 nm and 561 nm excitation lasers and an sCMOS camera (Zyla 4.2; Andor). Images were captured at 0.1-0.3 s temporal resolution for both channels. All imaging was performed at 37˚C in FliptR synthesis.
The FliptR probe was synthesized following previously reported procedures [45] . For mitochondrial targeting, compounds 2,3 and 5 were synthesized and purified according to procedures that will be reported elsewhere in another manuscript [46] in due time (SFig. 7).
Compound 5 was synthesized and purified according to procedures described in [46] (SFig. 7).
The probe can report on membrane tension as reported in reference [45] . Spectroscopic characterizations, mechanosensitive behavior in LUVs and GUVs of various lipid composition, colocalization studies in mitochondria and response of fluorescence lifetime to osmotic shocks (i.e. membrane tension changes) will be reported elsewhere in another manuscript [46] in due time.
FLIM imaging and analysis.
For 
Statistics.
Statistics were performed using Matlab and OriginPro software. All datasets were tested for normal distribution using the D'Agostino-Pearson normality test (significance value of 0.05) [65] . If the datasets passed the test, then statistical significance was determined using a two-tailed t-tests. If datasets failed the normality test, a nonparametric test was chosen to compare the significance of means between groups
